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Objectives. This study examined the long-term efficacy of intra- 
coronary irradiation for limiting neointimal proliferation after 
overstretch balloon angioplasty in a porcine model of restenosis. 
In addition, this study sought o identify any adverse late sequelae 
of this novel therapy for restenosis. 
Background. Restenosis after coronary angioplasty represents 
in part a proliferative response of vascular smooth muscle at the 
site of injury. We have shown previously that high dose intracoro- 
nary radiation induces focal medial fibrosis and markedly reduces 
neointimal proliferation early after balloon angioplasty in swine. 
Methods. Twenty-two juvenile swine underwent intervention at 
a target segment of the left coronary artery. In 11 swine, a 2-cm 
ribbon of iridium-192 was positioned at the target segment and 
2,000 cGy was delivered to the vessel wall. Subsequently, overdi- 
lation balloon angioplasty was performed at the irradiated seg- 
ment. In 11 control swine, overdilation balloon angioplasty was 
performed without previous irradiation. Twenty animals survived 
and underwent histopathologic analysis at 180 -+ 8 days. 
Results. Mean (_+SD) neointimal area was 1.59 -+ 0.78 and 
0.46 + 0.35 mm 2 (p < 0.001) in control and irradiated animals, 
respectively. Mean percent area stenosis was 37.9 -+ 12.4% and 
14.2 + 9.0% (p < 0.001) in the control and irradiated animals, 
respectively. Thus, by 6-month follow-up, intracoronary irradia- 
tion before balloon angioplasty had reduced the bulk of the 
neointimal esion by 71.1% and reduced percent area stenosis by 
62.5% compared with that in control animals. There was no evidence 
of radiation vasculopathy or myocardial damage at 6 months. 
Conclusions. Intracaronary irradiation (2,000 cGy) produces 
persistent impairment of neointimal proliferation 6 months after 
balloon injury, with no evidence of late radiation sequelae. 
(J Am Call Cardiol 1995;25:1451-6) 
Coronary angioplasty is a widely applied therapy for obstruc- 
tive coronary artery disease (1); its major limitation remains 
the restenosis rate of 30% to 50% (2-4). The detailed mech- 
anism of restenosis i  not fully understood, but both animal 
and human data have suggested that smooth muscle cell 
migration, proliferation and neointima formation are respon- 
sible for the majority of late lumen loss (5-9). A variety of 
pharmacologic and mechanical strategies have been applied to 
the problem of restenosis, with limited success in animal 
models and no significant impact on neointimal formation in 
human trials (10-20). The limited impact on restenosis 
achieved with intracoronary stents (19,20) is due to a greater 
early gain, with no reduction in late loss, implying a persistent 
neointimal proliferative response. 
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The selection of an appropriate animal model is important 
because a variety of therapies that appeared to ameliorate 
restenosis n rabbits or mice subsequently proved ineffective in 
humans (13,16). The most successful animal model for predict- 
ing results in the human coronary vasculature has been the 
porcine model using balloon overstretch injury (21,22). Our 
experiments herefore used this model exclusively. 
Ionizing radiation inhibits cellular proliferation and has 
been used extensively to treat proliferative neoplastic and 
nonneoplastic disease (23,24). We previously demonstrated 
(25) (in a porcine model) that high dose intracoronary gamma 
irradiation produces persistent impairment of direct smooth 
muscle-mediated vasoreactivity, with histopathologic evidence 
of diffuse localized fibrosis of the smooth muscle layer without 
significant neointimal formation. Subsequent work in our 
laboratory using a balloon overdilation model of restenosis n 
swine has shown that intracoronary irradiation (2,000 cGy) 
delivered to a target coronary segment before balloon angio- 
plasty reduces ubsequent eointima rea by 71.4% and re- 
duces percent area stenosis by 63% compared with that in a 
control group at 30-day follow-up (26). 
Despite the marked initial success of this approach, a 
number of concerns must be addressed to better understand its 
potential utility. Foremost are the issues of late sequelae (such 
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as radiation vasculopathy) and the possibility of delayed re- 
stenosis kinetics after irradiation. The published ata (2%29) 
concerning vascular lesions after irradiation have suggested 
that radiation arteriopathy is a sporadic event and is seen more 
commonly with repetitive high dose radiation than with single- 
dose therapy. In addition, obstructive arteriopathy, asdistinct 
from simple focal cell death, usually requires doses of radiation 
significantly higher than those used in this experiment. Despite 
these encouraging background ata, the long-term potential 
for injury from intracoronary irradiation on the vasculature 
and myocardium remains to be established. 
The issue of restenosis kinetics is also of concern. Previous 
work using a porcine model of restenosis generally found a 
30-day follow-up to be adequate for encompassing the maximal 
restenotic response (21,22). However, it is conceivable that 
intracoronary irradiation does not prevent restenosis but sim- 
ply shifts the kinetics of the restenosis process to a later time. 
In view of these concerns, we studied the long-term effects 
of intracoronary irradiation on the coronary, vasculature and 
surrounding myocardium and on restenosis after overdilation 
balloon injury in swine and compared them with the effects in 
a control group that received only balloon injury. 
Methods 
Study animals. All studies were performed with the ap- 
proval of the Animal Care and Use Committee of Columbia 
University, in accordance with guidelines pecified in the 
National Institutes of Health "Guide for the Care and Use of 
Laboratory Animals." 
Juvenile domestic swine (n = 22) weighing 40 to 50 kg 
underwent coronary arteriography under general anesthesia as 
described previously (25,26). Intravenous heparin and brety- 
lium were administered throughout the procedure; aspirin 
(325 rag/day) was initiated the day before the procedure and 
continued until the animals were killed (25,26). At the conclu- 
sion of the procedure, the animals were returned to their 
quarters and closely observed. The animals were boarded at a 
farm facility, fed a standard laboratory chow diet without lipid 
or cholesterol supplementation a d allowed normal activity. 
Six months (180 + 8 days [mean _+ SD]) after the initial 
procedure, the animals were killed with intravenous barbitu- 
rate and potassium chloride. The hearts were excised, and the 
left coronary artery was pressure fixed with formalin; his- 
topathologic analysis was performed as described later. 
Procedure. Left coronary angiography was performed, and 
angiograms were recorded on VHS videotape. A distinct 
angiographic landmark was selected in either the left anterior 
descending or circumflex artery as an easily identified "target" 
coronary segment for intervention. Vessel diameter was esti- 
mated from the arteriograms byusing the catheter diameter as 
a standard. Balloon injury was performed using balloon diam- 
eters 30% greater than the baseline arterial diameter at the 
target segment. Control versus radiated animals were selected 
by the process of strict alternation. 
Control group. After identifying a target coronary segment 
we performed overdilation balloon angioplasty at the target 
segment. Inflations were recorded on VHS tape to assist the 
pathologist in precisely identifying the target segment. 
Radiated group. After identification of a target coronary 
segment, a 4F USCI infusion catheter was positioned at the 
target segment. An iridium-192 source was advanced through 
the infusion catheter so that the radioactive source was posi- 
tioned at the target coronary segment. The distal tip of the 
radiation source remained within the infusion catheter at all 
times to avoid mechanical damage to the artery. 
Each pig in this group received a dose of 2,000 cGy 
delivered over -1 h. We chose this dose because dose- 
response xperiments performed in our laboratory demon- 
strated that the effective therapeutic dose range for the 
prevention of neointimal proliferation i this model begins at 
1,500 cGy, with evidence of a stimulatory effect at lower 
doses (3(I) (also unpublished observations [J.G.W., J.W.]). 
Dosimetry calculations were initially based on a vessel-wall 
diameter of 3 ram, and dosing intervals were adjusted based on 
the actual vessel diameter at the target segment as estimated 
using caliper measurements and guiding-catheter reference 
standardization. 
At the end of irradiation the source was removed with the 
infusion catheter, and overdilation balloon angioplasty of the 
irradiated segment was immediately performed using the same 
protocol as in the control group. An extensive description of 
the technical details of the procedure has been published 
previously (26). 
Balloon~artery ratio. The mean measured iameter of the 
target coronary segment in the control group was 3.33 _+ 
0.42 ram, and the mean balloon size used was 4.32 + 0.49 ram. 
In the irradiated group the mean diameter of the target 
segment was 3.32 _+ 0.39 mm, and the mean balloon size was 
4.34 _+ 0.48 ram. There was no significant difference in either 
arterial size or balloon size between the groups. The balloon/ 
artery ratio was 1.30 _+ 0.03 in the control group and 1.31 _+ 
0.04 in the irradiated group. All inflations were performed at 
8 atm with balloons of similar compliance. Thus, the degree of 
initial injury in the groups was identical. 
Radiation delivery system. The system for radiation deliv- 
ery has been described previously (25,26). In brief, it consisted 
of a linear array of five iridium-192 seeds encased in the distal 
portion of a nylon catheter (Best Industries). The active length 
of the implant was 23 ram. The individual seeds were fabri- 
cated of iridium wire encased in a welded platinum sheath that 
prevents any leakage or loss of radioactive materials. Iridium- 
192 has a half-life of 74.2 days and emits a spectrum of gamma 
rays between 296 and 612 keV. Each seed has an activity of 
-14 mCi. This source delivered 2,000 cGy/h at a vessel 
diameter of 3 mm; for vessels of different diameters the 
duration of irradiation was adjusted to maintain a vessel-wall 
dose of 2,000 cGy. 
Histopathologie analysis. The animals were killed 180 _+ 
8 days after the initial procedure. Arterial and myocardial 
fixation and sectioning were performed as described previously 
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(26). All cross sections were stained with hematoxylin-eosin. 
From these histologic sections the area of maximum stenosis 
was chosen, and on additional sections from that block of 
tissue Masson's trichrome and Verhoef-van Giesen (elastic) 
stains were performed. Immunoperoxidase staining for alpha 
smooth muscle actin was also performed on that block of 
tissue, and morphometric studies were performed on the area 
of maximal intimal proliferation (31,32). Additional tissue 
samples were taken from representative areas of the other 
nontreated coronary arteries; the entire heart was then cross 
sectioned in the short axis at 5-ram intervals to study the 
myocardium. All sections were examined by an experienced 
cardiac pathologist (C.M.) with no knowledge of treatment. 
The angiographically identified target segment was located 
pathologically by using the calculated istance (via catheter 
calibration and calipers measurement onVHS tape) from an 
angiographic marker to bracket the vessel segment referred for 
histopathologic analysis. Within the identified segment, the 
area of maximal luminal compromise and maximal neointima 
formation was used as the index zone for analysis. 
Morphometric analysis. Photomicrographic images of 
slides representing the zone of maximal uminal compromise 
within the target segment were transferred toVHS tape with a 
scale figure. The video images were digitized using a GTI- 
Freeland image-analysis system using CineView 3.33 software. 
Computer-assisted planimetry was performed by a single ob- 
server (C.M.) in a blinded manner. Total (native) lumen area 
was calculated by planimetry at the internal elastic lamina; 
neointimal rea was calculated by planimetry from the internal 
elastic lamina to the outer border of the residual lumen of the 
vessel (thus containing the entire neointimal proliferative 
zone). The degree of stenosis was expressed as 1 minus the 
ratio of residual lumen area to total (native) luminal area. 
Statistical analysis. Morphometric measurements from 
the control and radiated groups were compared using unpaired 
Student t tests. Data are expressed as mean values = SD; p < 
0.05 was considered statistically significant. 
Results 
Twenty-two swine underwent intervention: 11 in the radi- 
ated group and 11 in the control group. One of the control 
animals died suddenly 1 month after intervention (necropsy 
revealed occlusion of the target artery); another control animal 
died of sepsis after sustaining lacerations in an altercation with 
another pig at the farm facility. All other animals survived to 
sacrifice at 6 months. In the radiated group histopathologic 
analysis was performed on five left anterior descending and six 
circumflex coronary artery segments. In the control group 
analysis was performed on four circumflex and five left anterior 
descending coronary artery segments. 
Histopathologic analysis. Coronary arteries were har- 
vested, as described earlier, at 180 _+ 8 days after intervention. 
Control group. Sections of the region of maximal intimal 
proliferation from control vessels showed an intact endothe- 
lium and marked intimal proliferation with a predominant 
Figure 1. Specimen from control animal showing exuberant, concen- 
tric neointimal hyperplasia (N). Verhoef-van Gieson stain (elastic) 
xl0, reduced by 49%. 
population of spindle cells, shown to be smooth muscle cells by 
trichrome and alpha smooth-muscle staining. To a lesser 
extent areas of connective tissue were also interspersed within 
the neointima. The smooth muscle cells in the intimal prolif- 
erations were oriented either parallel to the direction of blood 
flow or circularly across the direction of flow, in approximately 
equal numbers. The internal elastic lamina was focally dis- 
rupted at the site of the neointimal proliferations in most cases. 
The media immediately beneath the intimal proliferation 
showed a mild focal fibrosis; there was also an increase in 
connective tissue at the base of the intima just luminal to the 
media. There were virtually no foam cells or lyrnphocytes seen 
in the intimal esions. There was a mild adventitial fibrosis in 
the region adjacent to the most marked intimal proliferations. 
In no case was there scar tissue in the myocardium and there 
was no evidence of intimal proliferation i untreated vessels or 
in coronary segments proximal or distal to the target segment. 
A typical target section of a control animal, stained with 
Verhoef-van Gieson stain, is displayed in Figure 1. 
Radiation group. In the irradiated animals the endothelium 
was intact and no thrombus was found in the intima. The 
intimal proliferations were substantially smaller than those in 
the control animals and consisted in equal measure of smooth- 
muscle cells and of zones of diffuse fibrosis. The smooth 
muscle cells tended to be oriented with the direction of blood 
flow to a greater extent han in the controls. The amount of 
connective tissue within the neointima was more marked than 
that seen in the controls. In addition there was a diffuse 
interstitial fibrosis seen circumferentially throughout the me- 
dial layer (between smooth muscle cells); this was not seen in 
the controls. Five of the cases demonstrated scattered foam 
cells and mononuclear cells in the intimal proliferations. The 
internal elastic lamina was again focally disrupted in the region 
adjacent to the intimal proliferations; the extent of disruption 
seemed to be proportional to the size of the neointimal zone. 
There was evidence of mild adventitial fibrosis in three of the 
animals. No acute or healing fat necrosis was seen in the 
adjacent epicardial fat. No radiation-associated changes (en- 
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Figure 2. Specimen from irradiated animal at 6 months. The endothe- 
lium is intact. The small eccentric zone of neointimal proliferation (N) 
is much smaller than that in control animals. There is an increase in 
connective tissue throughout the neointima nd media compared with 
that in control animals. Verhoef-van Gieson stain (elastic) ×l//, 
reduced by 49%. 
dothelial proliferations in small vessels, atypical fibroblasts) 
were present in the adjacent adventitia, epicardial fat or 
myocardium. No evidence of radiation vasculopathy was seen 
in either the treated or untreated vessels. There was no 
evidence of malignant or premalignant transformation i any 
cell lines. No infarction was seen in the myocardial bed 
perfused by the treated vessel. In each case, the nonirradiated 
coronary arteries in the radiated group had no intimal prolif- 
eration. The intima distal to the irradiated segment was normal 
in each case and no thromboemboli were seen in smaller 
vessels distal to the target segment. The intima of vessel 
segments proximal to the irradiated area showed minimal focal 
intimal proliferation, which may have been due to catheter 
passage. A typical target section of an irradiated animal, 
stained with Verhoef-van Gieson stain, is displayed in Figure 2 
and at higher power to reveal histopathologic detail in Figure 3. 
Morphometric analysis. Computer-assisted planimetry 
was performed on videotape-transferred microscope images of 
slides representing the area of maximal lumen compromise 
within the target coronary segment (see "Methods"). Planim- 
etry was performed to obtain true (native) luminal area, 
residual umen area and neointimal area; percent area stenosis 
was calculated as described previously. Results for all animals 
are given in Table 1. It should be noted that an exuberant 
neointimal response does not necessarily translate into a high 
percent area stenosis because the neointima is just as likely to 
expand circumferentially or outward as it is to encroach on the 
lumen. 
Control animals had a neointimal area of 1.59 _+ 0.78 mm 2 
at the site of maximal lumen narrowing; irradiated animals had 
a neointimal area of 0.46 _+ 0.35 mm 2 at the site of maximal 
lumen narrowing. The groups are significantly different at p < 
0.001. Calculation of the maximal percent area stenosis for 
both groups showed the control group to have a 37.9 _+ 12.4% 
area and the irradiated group a 14.2 _+ 9.0% area stenosis 
(p < 0.001). 
Figure 3. Specimen from irradiated animal at 6 months. This higher 
magnification ofFigure 2 shows mall patches of fibrosis (paler areas) 
throughout the intimal proliferation (I) at the internal elastic lamina 
(curved arrow) and in the media djacent to the external elastic lamina 
(straight arrow). There is also mild fibrosis of the adventitia (A). 
Verhoef-van Gieson stain (elastic) × 163, reduced by 26%. 
Thus, at 6-month follow-up, intracoronary irradiation prior 
to balloon angioplasty had reduced the bulk of the neointimal 
lesion by 71.1% and reduced the percent area stenosis by 
62.5% compared with that in control animals. 
In our previous experiments (26), neointimal area was 
reduced by 71.4% and percent area stenosis was reduced by 
63% at 30-day follow-up. Our data show remarkable consis- 
tency over time, indicating that the early impairment of the 
restenotic process is maintained over the subsequent months. 
Discuss ion  
Overdilation balloon angioplasty in porcine coronary arter- 
ies is an established technique for inducing a proliferative 
neointimal response that closely resembles the neointima seen 
in human restenosis lesions (21,22). Intracoronary irradiation 
is a novel technique that permits the delivery of narrowly 
targeted high-dose gamma irradiation with a minimal overall 
radiation dose and no evident injury to adjacent coronary 
segments or surrounding myocardium. In our previous study 
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Table 1. Intracorona~ Irradiation and Overdilation Balloon 
Angioplasty: 6-Month Results 
Ncointimal % Area 
Animal No. Area (ram 2) Stcnosis 
Control group 
1 2.78 43 
2 2.0O 33 
3 2.4[) 63 
4 1.76 41 
5 1.96 29 
6 1.311 24 
7 0.58 35 
8 0.92 48 
9 0.64 25 
Mean 1.59 37.9 
_+SD 0.78 12.4 
Radiated group 
1 [).14 6 
2 0.31 10 
3 I).27 13 
4 1.22 32 
5 0.05 2 
6 0.89 20 
7 0.36 8 
8 0.56 26 
9 0.16 8 
10 0.63 16 
1 l 0.46 15 
Mean 0.46* 14.2" 
± SD 0.35 9.(I 
*p < 0.001 versus control group. 
(26) intracoronary irradiation before balloon angioplasty 
markedly reduced neointimal proliferation at 30-day follow- 
up. In the current study, intracoronary irradiation reduced the 
area of the neointimal zone by 71.1% and reduced the percent 
area stenosis by 62.5% compared with control animals at 6 
months. Thus, the early benefit of this therapy is consistently 
maintained over long-term follow-up with no evidence of late 
attenuation f the initial benefit. There was also no evidence of 
radiation-induced damage to the surrounding myocardium, no 
neoplastic transformation a d no evidence of radiation vascu- 
lopathy. Thus, the benefits of intracoronary irradiation for the 
impairment of restenosis appear to be persistent and the 
technique seems free of untoward late sequelae. 
Histopathologic analysis. The histologic findings in the 
control animals and the degree of postinjury neointimal hyper- 
plasia are consistent with the results of previous investigators 
using this model (21,22). The irradiated animals displayed 
significantly smaller neointimal zones, and the neointima p- 
peared to be poorer in smooth muscle cells and more com- 
monly occupied by connective tissue than in the control 
animals. In addition, the medial ayer of the target segment in 
the irradiated animals displayed a diffuse fibrosis not seen in 
the control animals. The internal elastic lamina was disrupted 
in both groups in direct proportion to the degree of neointimal 
proliferation, as described previously by Gravanis and Roubin 
(33). There was no evidence of radiation vasculopathy or 
myocardial injury at long-term follow-up. 
The reduction of neointimal area seen in our irradiated 
animals as compared with that in the control group at 6 months 
is nearly identical to the difference in neointimal reas between 
groups noted previously at 30 days (26). This strongly suggests 
that the proliferative process responsible for restenosis is 
essentially complete at 30 days, with little change over subse- 
quent months. This is consistent with previous investigations in 
the porcine model (21,22) and supports the contention that he 
kinetics of restenosis are not affected by irradiation. 
Mechanisms ofaction. We have speculated previously (26) 
that intracoronary irradiation, by inducing cell death through- 
out the medial smooth muscle cell layer, acts to reduce the 
cells available for proliferation and migration into the neoin- 
timal zone. The bands of fibrosis seen histologically may also 
act as a diffusion barrier for mediators of chemokinesis, 
chemotaxis and cellular proliferation. In addition, these zones 
of fibrosis may act as physical impediments to cell migration. In 
an attempt to investigate these possibilities, we are currently 
analyzing our pathologic specimens to identify collagen sub- 
types within the fibrotic zones, the composition of interstitial 
matrix in the neointimal nd medial zones and the concentra- 
tion of a variety of cytokines (platelet-derived growth factor, 
thrombin, fibroblast growth factor, serotonin, angiotensin II
and others). 
One important implication of the success of this technique 
is that the neointimal proliferative response to balloon injury 
appears to be primarily a local process responsive to local 
therapies. Although cellular migration from adjacent sites and 
systemic proliferative stimuli may contribute to the process, 
the success of a local therapy suggests that local site-specific 
phenomena re of primary importance in the restenosis 
process. 
Study limitations. This study was performed to address the 
concerns raised in our previous investigation (26) regarding 
possible late sequelae of irradiation and to investigate a
possible alteration in the kinetics of smooth muscle cell 
proliferation after irradiation. Our findings suggest hat the 
benefits of intracoronary irradiation are stable at 6 months 
without untoward late sequelae. However, our study period 
does not exclude the possibility of very late radiation vascu- 
lopathy ears after the initial exposure. As discussed previously 
(26), this is unlikely with single-dose therapy at a relatively low 
total dosage, but it remains possible. 
Another potential limitation isour use of the normolipemic 
swine model, which may not predict the specific response of 
atheromatous plaque to high dose irradiation. Radiation might 
interfere with plaque biochemistry in such a way as to alter 
plaque stability, perhaps increasing the risk of abrupt plaque 
rupture and potentially changing the rates of acute closure 
after angioplasty. 
The issue of the "ideal" radiation dose was addressed in a 
series of dose-response experiments performed inour labora- 
tory (30). The minimal effective dose for reduction of neoin- 
timal proliferation appears to be -1,500 cGy. At lower doses a 
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stimulatory effect is observed; this is consistent with the work 
of previous investigators using external sources (34,35). Thus, 
we performed this study at 2,000 cGy to be well within the 
effective dose range. 
A final issue of concern is the timing of radiation relative to 
balloon dilation. We performed irradiation before balloon 
angioplasty to reduce the risk of thrombus formation at the site 
of balloon injury when using prolonged well times for the 
radioactive source. In the presence of a critical stenosis this 
would be impractical. In addition, calculation of dosimetry 
would be difficult within a stenotic segment; it would be far 
simpler to use the postdilation diameter of the target segment 
to calculate radiation dose. It is likely therefore that if irradi- 
ation were performed at the time of a clinical angioplasty, it
would be performed after dilation. Higher-activity sources may 
make it possible to deliver the selected radiation dose quickly, 
thus making postdilation irradiation more practical. Regard- 
less of whether adiation is delivered immediately before or 
immediately after balloon dilation, it should produce the same 
histopathologic response in the target segment and thus have 
the same effect on the restenosis process. These issues are 
under active investigation i  our laboratory. 
Conclusions. Intracoronary irradiation delivered to a tar- 
get coronary segment before overstretch balloon angioplasty 
markedly reduces neointima formation in a porcine model. 
This effect is completely stable at 6-month follow-up, and there 
is no evidence of late radiation-induced vasculopathy or myo- 
cardial injury. The effectiveness of a site-specific therapy such 
as intracoronary irradiation suggests that neointimal prolifer- 
ation after balloon injury is predominantly a local process. 
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